Abstract: A pure silica core photonic crystal fiber with multicoating layers for high refractive index (RI) sensing is proposed. Au is used as the active plasmonic material. Tantalum pentoxide is deposited on Au in order to prevent the oxidation and further enhance the evanescent field. The simulation was preformed through the full-vector finite element method (FEM), and the results show that the proposed fiber sensor can obtain the average wavelength sensitivity of 9180 nm/RIU with the analyte RI range of 1.40-1.44, corresponding to the resolution of 1.09 × 10 -5 RIU. Moreover, the maximum amplitude sensitivity of 1739.26 RIU -1 with resolution of 5.75 × 10 -6 RIU are also obtained. The designed sensor can be a potential candidate for microfluidic analyte detecting.
High Sensitivity Refractive Index Sensor Based on Multicoating Photonic Crystal Fiber With Surface Plasmon Resonance at
Near-Infrared Wavelength
Introduction
Due to the significant loss peak at the surface plasmon resonance (SPR), [1] wavelength resulting from the frequencies match between the transfer photons and surface free electrons, the SPR has been widely used in fiber sensor applications [2] - [5] . By virtue of the well-known advantages of the PCF [6] - [8] , the SPR-PCF has arisen as an attractive alternative for fiber-sensors [9] . Comparing the weak chemically stable issues of Ag and Cu, more stable metal of Au and multi-coating layers are introduced to solve these problems, such as graphene on the Ag [10] or Cu [11] layer, D-shaped Au-coated [12] , TiO 2 , and Au dual coating PCF [13] , [14] , which the high RI dielectric coating layer can be most beneficial for spectral tuning. However, the mentioned works are mainly concentrating on the RI liquid range of 1.33 to 1.4 [15] . To realize the high RI liquid detecting, such as the rich diversity of high RI chemicals, biochemical and organic chemical analytes, which wildly exist in the medical diagnostics, food safety, and environmental monitoring application areas. Fan et al. proposed two kinds of metal-coated PCF with the liquid core, and the sensitivity can be up to 7040 (Au) and 7017 (Ag) nm/RIU with the analyte range from 1.40 to 1.42 [16] . Rifat et al. demonstrated a silver-graphene coating and liquid filling core PCF with the maximum sensitivity of 3000 nm/RIU in the sensing range of 1.46 to 1.49 [17] . However, the liquid filling core or D-shape methods, those require the higher accuracy of selective filling or polishing.
In this paper, we numerically report a novel high sensitivity SPR-PCF based on dual coating layers for RI sensing, by using the finite element method (FEM) with anisotropic perfectly matched layers (PMLs). Unlike the D-shaped structures or small coating holes and liquid filling fiber core PCFs for high RI sensing, the proposed sensor possesses a simple pure silica solid core structure, offering more convenience for the arc discharge pre-treatment. In addition, the Au and Ta 2 O 5 layers in the large container air-holes at the vertical direction, which is expected to realize large difference between the liquid containing holes and other holes for the fiber structure [18] . The simulation process indicated that the phase matching conditions of the designed PCF can be satisfied in particular wavelengths, during changing the parameters of fiber or RI of liquid. The proposed fiber sensor reaches the average wavelength sensitivity of 9180 nm/RIU during analyte RI changing from 1.40 to 1.44, corresponding sensor resolution of 1.04 × 10 −5 RIU, and the maximum wavelength sensitivity, amplitude sensitivity, the relevant resolution of 9600 nm/RIU, 1739.26 RIU −1 , 1.04 × 10 −5 RIU and 5.75 × 10 −6 RIU are also achieved, respectively.
Structural Design and Numerical Modeling
The cross-section of the proposed fiber is shown in Fig. 1(a) . It has a birefringent cladding structure and the background material is pure silica. The lattice constant of is 1.5 μm. The two sizes of air-holes d 1 and d 2 are used to enhance the birefringence effect and benefit the energy escaping from core to the metal-coating holes, and the sizes are 0.8 and 0.55 , respectively. The pair of large holes d 0 , which is only need to replaced four capillary tubes in vertical direction, is used for the coating and liquid analyzing, and the size is 3 μm. The thicknesses of Au and Ta 2 O 5 coating layers are both 40 nm, displayed as the yellow and red layers in Fig. 1(b) , respectively. Comparing with the material as ITO etc., Ta 2 O 5 has an acceptable low waveguide loss of 1 dB/cm at infra-red wavelength, high transparency in wide spectrum, and the high fusion point. These properties enable it as a commendable material for fiber sensor [19] , [20] . The proposed fiber can be fabricated by the Stack and draw method. The Au and Ta 2 O 5 layers can be deposited on the internal surface of d 0 through the high chemical vapor deposition (CVD) or nanoparticle layer deposition, etc. [21] , [22] . Fig. 1(c) shows the schematic of experimental set-up. Benefited from the large analyte containing air-holes, the analyte liquid can be easily guided into the holes by the pump after arc discharging pre-treatment of the inlet-side of the fiber, which means the proposed sensor owns the reuse advantage. The input light is provided by a broadband source (BBS), and its polarization state is generated by the polarization controller. Finally, the output light is detected by the optical spectrum analyzer (OSA).
The material dispersion of pure silica can be calculated by the Sellmeier formula [23] 
where m = 3, B 1 = 0.6961663, B 2 = 0.4079426, B 3 = 0.8974794, λ 1 = 0.0684043 μm, λ 2 = 0.1162414 μm, λ 3 = 9.896161 μm, and the λ is the input wavelength. The permittivity of the Au coating layer can be calculated by the Drude-Lorentz model [24] 
where the relevant values and physical definition can be obtained in [25] . In addition, the refractive index of Ta 2 O 5 is calculated by [26] n T a
where the λ is the input wavelength. For the RI of liquid analyte is assigned from 1.40 to 1.44, with the step of 0.01. Except for the liquid-filling air-holes d 0 , the remaining holes are filled with air, and RI is set as 1. Moreover, the confinement loss (CL), which depends on the imaginary part of the effective RI (n e f f ) is calculated as [27] 
where the λ is the input wavelength. Finally, in order to obtain accuracy results, the PML with several micrometers thickness is performed on the outer layer of fiber, to absorb the scattered or radiated light towards the fiber surface.
Results and Discussion

Coupling Characteristics
The coupling phenomenon between the core guided fundamental mode n e f f and the surface plasmon polariton (SPP) modes is analyzed. The parameters are fixed at:
= 40 nm, and n a = 1.43. Due to the high birefringent structure, the confinement loss at y-direction resulted from the SPR interaction and the birefringent structure is much higher. As a result, the relevant modes at y-directions is used for analysis. As shown in Fig. 2(a) , it illustrates the energy transform process between the core guided mode and SPP mode. It can be observed that, at the shorter wavelength, the energy can be mostly confined in the core area, as seen in the insets. With the increases of wavelength, the energy starts to transfer from the core area to coating layers, and reaches the maximum value at the phase matching wavelength, where the normal electric fields (the relevant inserts) cannot be well distinguished and the refractive indexes are almost equal (the cross-point of red dash and black dash curves). Then, the SPR strength becomes weak and the energy mainly transfers back to the core area again in the longer wavelength. Fig. 2(b) illustrates the variations of the confinement loss depending on the wavelength. At the phase matching wavelength of 1.467 μm, a visible energy leak and significantly changing of the confinement loss depth for both modes can be observed, and with continuous wavelength increasing from 1.1 μm, the loss of SPP mode reaches the minimum value at 1.467 μm, while that of the core guided mode n e f f reaches the maximum at same wavelength. These two values are nearly the same.
Sensing Response for Analyte Types
Based on the coupling theory, the phase matching wavelength (or SPR wavelength) and the SPR strength will change, depending the analyte types. The confinement loss spectrums of fundamental mode (solid curves) and SPP mode (dot curves) are presented in Fig. 3(a) , the parameters are fixed at: Fig. 3(b) . With the increasing of analyte RI, the gap reaches the minimum point at 1.43, then starts to increase. Meanwhile, the corresponding linear fit of the SPR wavelength depending on the analytes RI is presented in Fig. 3(c) , and the fitted line shows very good linearity with R 2 of 0.99923, which means the high linear sensing response. The average sensitivity of 9180 nm/RIU at the n a range of 1.40 to 1.44 is obtained. The sensor resolution can be characterized by [11] , [13] , [20] 
where λ p eak is the SPR wavelength. Assuming λ min = 0.1 nm, and n a is 0.01, λ p eak is setting at the average value of 91.8 nm. The average resolution 1.09 × 10 −5 RIU of our sensor can be obtained.
Coating Layers Influence
The effects of coating-layers' thickness on the sensing performance are also considered. As shown in Fig. 4 , while the other parameters of fiber are = 1.5 μm, d 1 / = 0.8, d 2 / = 0.55, d 0 = 3 μm, and t Ta 2 O 5 = 40 nm, the confinement loss value decreases with the decreasing of Au thickness and the SPR wavelength presents the blue shift, For the black dot curve, it is indicated that the over-thin Au thickness cannot benefit the sensitivity, due to the several SPP modes are incitation in the whole loss spectrum. 5 shows that the sensor working spectrum is at near-infrared region, which is benefited from the high refractive index of Ta 2 O 5 , and the SPR peak continues increasing during the thickening of Ta 2 O 5 , while the corresponding wavelength have the red shifts.
Wavelength and Amplitude Sensitivity
Furthermore, the sensing performance is investigated based on two methods [13] , [20] : wavelength or spectrum interrogation, and intensity or amplitude interrogation, whose measurement is based on the monitoring the shifts of SPR peak or the change of the power at fixed wavelength near the SPR peak.
By introducing the SPR wavelength shifts λ p eak in Fig. 3(c) , wavelength interrogation of proposed sensor can be defined as
Combing (5), the overall wavelength sensitivity, which resulting from the changing of analyte RI has been fitted, the relevant formulation is as shown in Fig. 3(c) .
When the power is measured at a fixed wavelength, amplitude interrogation is used to determine the sensor sensitivity, which is expressed as
where the α(λ, n a ) is the overall confinement loss, RI is n a , and ∂α(λ, n a ) is the loss change during the adjacent analyte RI. As shown in Fig. 6(a) , the parameters of fiber are fixed at = 1. The influence of Au thickness on the amplitude sensitivity is presented in Fig. 6(b) with the parameters of fiber are = 1. 
Conclusion
An analyte-filling photonic crystal fiber with multi-coating layers based on SPR theory for refractive index (RI) sensing is proposed. The results show that the fiber sensor owns the average sensitivity of 9180 nm/RIU at the range of 1.40 to 1.44 with the high linearity feature. Moreover, the wavelength sensitivity, amplitude sensitivity, and the relevant resolution of 9600 nm/RIU, 1739.26 RIU −1 , 1.04 × 10 −5 RIU and 5.75 × 10 −6 RIU are achieved, respectively. By introducing Ta 2 O 5 layer and large capacity air-hole, the sensor shows the convenient for the real time analyzing and near-infrared working region. The proposed fiber sensor based on dual-coating layers and large liquid-filling holes can be the potential candidate for microfluidic sensing applications.
